Knowing the mechanism of allosteric switching is important for understanding how molecular machines work. The CCT/TRiC chaperonin nanomachine undergoes ATP-driven conformational changes that are crucial for its folding function. Here, we demonstrate that insight into its allosteric mechanism of ATP hydrolysis can be achieved by Arrhenius analysis. Our results show that ATP hydrolysis triggers sequential "conformational waves." They also suggest that these waves start from subunits CCT6 and CCT8 (or CCT3 and CCT6) and proceed clockwise and counterclockwise, respectively.
Knowing the mechanism of allosteric switching is important for understanding how molecular machines work. The CCT/TRiC chaperonin nanomachine undergoes ATP-driven conformational changes that are crucial for its folding function. Here, we demonstrate that insight into its allosteric mechanism of ATP hydrolysis can be achieved by Arrhenius analysis. Our results show that ATP hydrolysis triggers sequential "conformational waves." They also suggest that these waves start from subunits CCT6 and CCT8 (or CCT3 and CCT6) and proceed clockwise and counterclockwise, respectively.
chaperonins | allostery | conformational changes | molecular machines A TP-fueled ring-shaped nanomachines are ubiquitous and found in all domains of life. Examples for such machines include chaperones that mediate protein folding and degradation (1), DNA and RNA remodeling enzymes (2) , and proteins involved in intracellular trafficking (3) . The oligomeric rings that form these machines usually consist of five to eight subunits that undergo coordinated conformational changes driven by ATP binding and/or hydrolysis. These conformational changes can take place in a concerted fashion as in the case of the chaperonin GroEL (4) . Alternatively, they can also occur in a sequential or stochastic manner as reported, for example, for the CCT/TRiC chaperone complex (4) and ClpX (5), respectively. Knowing the mode of allosteric switching is essential for understanding the mechanism of action of biomolecular machines. Distinguishing between these different modes of allosteric switching can be achieved using native mass spectrometry (6, 7) and single-molecule fluorescence (8) and force-based (2) techniques but has been difficult to accomplish using traditional biochemical approaches. Here, we show that classical Arrhenius analysis can be used to unpick the allosteric mechanism of ATP hydrolysis by the CCT/ TRiC chaperone.
CCT/TRiC is a member of group II chaperonins found in archaea and the eukaryotic cytosol that assist protein folding in an ATPdependent manner. Clients of this chaperonin system include β-actin, α-and β-tubulin, and several hundred other proteins (9, 10) . CCT/TRiC consists of two identical back-to-back stacked octameric rings with a cavity at each end where protein folding can take place (11) . Each ring of CCT/TRiC is made up of eight different subunits that are arranged in a fixed order around the ring. The correct order was established by determining which arrangement is most consistent with interresidue distance constraints obtained from chemical crosslinking and mass spectrometry (12) . This order was also found to give the best fit to the crystallographic data for CCT/TRiC (9) and was, therefore, used to redetermine its structure accordingly (13) . The eight subunits of CCT/TRiC have a similar structure that consists of three domains: (i) an apical domain that is involved in protein substrate binding, (ii) an equatorial domain that is involved in ring-ring interactions and contains an ATP binding site, and (iii) an intermediate domain that links the apical and equatorial domains.
Previous structural (14) and kinetic (15) studies have indicated that the conformational changes in CCT/TRiC promoted by ATP binding take place in a sequential fashion. It has not been established, however, whether these conformational changes propagate around the ring in a clockwise or anticlockwise manner or in some other fashion. It is also not known whether the starting point of the "conformational wave" is fixed, random, or depends on the nature of the bound protein substrate. Mutational (16) and biochemical (17) studies have shown that the subunits in a CCT/TRiC ring are arranged in a bipolar fashion. One pole comprises subunits CCT1, CCT4, CCT2, CCT5, and, possibly, CCT7, which seem to have "strong" ATPase activity (i.e., high ATP affinity and large mutational effects), whereas the other pole comprises subunits CCT8, CCT6, and CCT3 with "weak" ATPase activity (the subunits are listed here in clockwise order around the ring as seen from above). The relationship between the bipolar nature of the CCT/TRiC ring and its allosteric behavior has, however, remained unclear. It has also not been established yet whether ATP hydrolysis (and not just binding) by CCT/TRiC takes place in an allosteric manner and, if so, by which mechanism. Here, we show that insights into the above-mentioned questions can be obtained through Arrhenius analysis of CCT/TRiC's ATPase activity.
Kinetic Models
It is not obvious how mutations that affect the ATPase activity of individual subunits of CCT/TRiC will affect the overall k cat of the chaperonin complex that is measured experimentally. Several limiting cases can be considered assuming that the mutations do not affect the intrinsic ATPase activities of the nonmutated subunits. This is a reasonable assumption given the conservative nature of the mutations.
Significance
Many biological machines consist of oligomeric rings that undergo conformational changes driven by ATP binding and hydrolysis. These conformational changes can take place in a concerted, probabilistic, or sequential fashion. Knowing the mode of conformational switching is important for understanding how these machines work. Here, we show that measuring the temperature dependence of the ATPase reaction of the chaperonin CCT/TRiC provides insight into its mode of switching. Our results show that ATP hydrolysis triggers sequential "conformational waves" in CCT/ TRiC that proceed both clockwise and counterclockwise around its rings. Case 1. The ATPase activities of the different subunits are independent of each other, that is, the hydrolysis reactions of the different subunits take place via parallel pathways in a random fashion (Fig. 1A and Fig. S1 ). In the case of parallel reactions (Fig. S1 ), the observed catalytic rate constant, k cat , is equal to the sum of the intrinsic catalytic rate constants, k 1 and k 2 , of the different sites. Hence, one would expect for CCT/TRiC with eight different subunits that k cat = P 8 i = 1 k i . According to this additive model, mutations that affect the activity of the most potent subunits will have the largest effect on k cat and, thus, on the activation energy, E a . This is expected because, in the case of parallel pathways, most of the flux occurs via the pathway with the lowest energy barrier and, therefore, a change in that barrier will have the largest effect on the overall flux.
Case 2. All of the subunits become loaded with ATP and then fire together (Fig. 1B) . In the case of a concerted reaction (Fig. 1 ) the rate of product formation, k cat , will be proportional to the product of the intrinsic rate constants, k i , of the different sub-
According to this multiplicative model, a mutation in any subunit that decreases (or increases) its activity will also have the same effect on k cat . In other words, k cat and E a are expected, in this case, to be sensitive to mutations in both weak and strong subunits. In this model, the energy barrier for ATP hydrolysis is the sum of energy barriers for ATP hydrolysis by the individual subunits ( Fig. 1B) because all of the subunits must fire together.
Case 3. All of the subunits become loaded and then fire in some particular order around the ring (Fig. 1C ). Let us consider, for example, the following reaction:
where the enzyme first becomes loaded with substrate (with an apparent equilibrium constant
) and catalysis then occurs in a sequential fashion (with catalytic rate constants k 1 , k 2 , and k 3 ) . In such a case the rate of product formation is given by 
[3]
Inspection of Eq. 3 shows that k cat = 3k 1 k2k3 k1k2 + k2k3 + k1k3 and, therefore,
Á . Hence, in the case of a sequential ATPase reaction, the inverse of k cat is given by the sum of the inverses of the intrinsic rate constants of the individual subunits, that is,
In a sequential mechanism, the steps with the highest energy barriers determine the overall flux. Hence, mutations that affect the activity of the least potent subunits (with the highest activation energies) will have the largest effects on k cat and, thus, on the activation energy, E a . It is important to note that this derivation also holds when the substrate binding sites have different affinities, as in the case of CCT/TRiC (17), in which case the apparent equilibrium constant, K, in Eq. 3 can be written as the product of the binding constants of all of the sites. The derivation also holds when the substrate concentration is not saturating and, thus, enzyme species with different numbers of bound substrate molecules coexist.
Case 4. ATP hydrolysis takes place via parallel sequential pathways, that is, via a mechanism that is a combination of cases 1 and 3 above (SI Text). Assuming that the parallel pathways consist of the same i steps in different orders (e.g., the subunits fire in more than one particular order around the ring), it can be shown that Fig. 1 . Scheme showing the free energy profiles of random (parallel), concerted, and sequential ATP hydrolysis reactions. For simplicity, the free energy profiles are shown for three distinct sites, A, B, and C, designated by blue, purple, and green, respectively. The accompanying schemes show eight-membered rings in which subunits with bound ATP are in red and those after hydrolysis in gray. (A) In the case when ATP-loaded subunits fire independently, many parallel reactions can take place as indicated by the ensemble of states in the brackets. Most of the flux takes place via the pathway with the lowest energy barrier and the observed catalytic rate constant, k cat , is given by the sum of the rate constants of the different pathways. (B) In a concerted reaction, all of the ATP-bound subunits fire together and the energy barrier is, therefore, given by the sum of energy barriers of the individual reactions. The observed catalytic rate constant, k cat , is, therefore, equal to the product of the individual rate constants. (C) In a sequential reaction, the ATP-loaded subunits fire in a defined order around the ring. The rate-determining step is the hydrolysis reaction with the highest energy barrier. In such cases, the inverse of the observed catalytic rate constant is given by the sum of inverses of the individual catalytic rate constants.
where n is the number of steps in each pathway, m + 1 is the number of pathways, and j designates the first step in each pathway. In this model, as in case 3 above, mutations that affect the activity of the least-potent subunits will have the largest effects on k cat .
Results and Discussion
In previous work (16), the aspartic acid in the GDGTT ATP binding motif of CCT/TRiC from Saccharomyces cerevisiae, which is conserved in all eight subunits, was replaced by a glutamic acid in each subunit in turn. In the work described here, CCT/TRiC was purified from cultures of all these mutant and wild-type strains except for the one with the mutation in CCT4 that was found to be not viable (16) . The steady-state ATPase activities of wild-type CCT/TRiC and these mutants were then measured at a saturating ATP concentration of 400 μM and different CCT/TRiC concentrations. A linear dependence between the maximal ATPase velocity, V max , and the CCT/TRiC concentration ( Fig. 2A) was observed for all of the variants, thereby allowing determination of the values of their respective catalytic rate constants, k cat , from the slopes (V max = k cat [CCT/TRiC] T ). The linearity indicated that these variants, under our experimental conditions, are not in equilibrium between several oligomeric states with different hydrolytic activities. These measurements were also carried out at different temperatures and the data were analyzed using the Arrhenius equation:
where E a is the activation energy, A is a preexponential factor, R is the gas constant, and T is the temperature (in kelvin). Plots of lnk cat for the different CCT/TRiC variants as a function of the inverse of the temperature, 1/T, were found to be linear ( Fig. 2B and Fig. S2 ), thereby providing estimates for the values of E a /R from the slopes and indicating that there is no change in the reaction mechanism in the temperature range of the measurements. The in vivo effects of mutations (16) and the relative affinities for ATP (17) were used in previous studies (13, 18) to classify the ATPase activities of the different subunits into weak and strong. The data we collected show that the mutations in subunits CCT6, CCT3, and CCT7 caused the largest increases in the activation energy, which are about 3, 2, and 2 kcal·mol −1 , respectively. CCT6 and CCT3 were classified as weak subunits and the status of CCT7 is not clear, but all three of them were found to have low affinity for ATP (17) . The intrinsic ATPase activities of the individual subunits are not known. Homooligomeric rings of the strong subunits CCT4 and CCT5 were found, however, to have wild-type ATPase activity and be destabilized (19), thereby indicating that their intrinsic ATPase activities in the context of the intact complex are strong. In addition, enzyme theory dictates that low values of K m should be associated with high values of k cat for optimal enzyme activity (20) . Hence, it is likely that the strong and weak subunits also have high and low intrinsic ATPase activities, respectively. Our finding (i.e., that the largest effects on the activation energy are caused by mutations in weak subunits) thus indicates, in accordance with cases 3 and 4 of the analysis above, that ATP hydrolysis by CCT/TRiC takes place via a sequential pathway(s).
Given that ATP hydrolysis by group II chaperonins is accompanied by conformational changes (21) that propagate around the ring, we assumed that the activation barriers might be influenced by the intersubunit interface areas. This rationale prompted us to check correlations between the activation energies of the different mutants and the intersubunit interface areas of the mutated subunits. We reasoned that it might be possible to infer the pathway(s) of waves of conformational change around the ring from such correlations. Such waves will depend on a partitioning of the subunits into two regions so that each may move in a coordinated manner. Not knowing which partition would be best we examined all of the 21 possible ones (see Fig. 3 for an explanation of this number). We also did not know which methods to use for the calculation of interaction area, which regions of the interface would be relevant, and which coordinate sets to use and, therefore, we inspected a total of 50 different models. The correlations were calculated in a combinatorial manner for all different possible pathways around the ring for two forms of CCT/TRiC (the closed [Protein Data Bank (PDB) ID code 4AOL] and the open [PDB ID code 4B2T]) and five different choices of intersubunit interface areas (the entire area, the entire area without the tails, the equatorial-equatorial area, the intermediate-equatorial area, and the apical-apical area. We also used interface areas published previously for the closed form of CCT/TRiC using Voronoi decomposition (13) as well as areas recalculated for both the open and closed forms by two Voronoi decomposition-independent methods (22, 23) . A total of 501 different combinations were considered, each yielding two correlation coefficients for the two respective partitions of the ring. The absolute values of the two correlation coefficients for each combination were added and found to have a Gaussian-like bell-shaped distribution (Fig. 3) . The combinations with the correlations in the top 3.2% (16/501) were then examined further (Table S1 and Fig. 4) . Strikingly, most of them (14/16) are consistent with two conformational waves that proceed from two adjacent subunits in the ring in clockwise and anticlockwise manners, respectively. In most of them (15/16) , the clockwise and anticlockwise waves start at subunits CCT6 and CCT8 (or CCT3 and CCT6), respectively (Fig. 4) . The strongest correlations (Fig. 4, 1) are observed between (i) the activation energies of the CCT/TRiC variants with the mutations in the adjacent subunits CCT6, CCT3, CCT1, and CCT2 and the entire interface areas of the mutated subunits in the closed state (13) with their respective neighboring subunits in the clockwise direction and (ii) the activation energies of the CCT/TRiC variants with the mutations in the adjacent subunits CCT8, CCT7, CCT5 and the entire interface areas of these subunits in the closed state with their respective neighboring subunits in the anticlockwise direction. Overall, the correlations corresponding to the clockwise and counterclockwise conformational waves are usually (15/16 cases) found to have positive and negative slopes, respectively.
Conformational changes that involve a rearrangement of the interface between subunits may lead to a positive correlation between the activation energy and the interface area because more breaking of interactions and changes in solvation are likely to occur when a large interface undergoes a conformational change. By contrast, conformational changes in which the interface is maintained may lead to a negative correlation between the activation energy and the interface area because a conformational change in one subunit is more likely to "pull" a neighboring subunit in the same direction when their interface area is large. Currently, we cannot determine, however, whether the different signs of the correlations between the changes in activation energies upon mutation and interface areas, which are found to be associated with the two pathways in most of the cases with top scores (Fig. 4) , reflect these or other mechanisms of intersubunit communication.
In summary, our data indicate that the ATP hydrolysistriggered conformational changes in CCT/TRiC take place in a sequential manner. The linear correlations between the activation energies and intersubunit interface areas suggest that these conformational changes propagate via two pathways around the ring: one that is clockwise and a second that is anticlockwise (Fig.  4) . One possibility, which is the most likely according to our data, is that the clockwise and anticlockwise pathways start at subunits CCT6 and CCT8, respectively (Fig. 4) . This allosteric mechanism is consistent with the large gap between subunits CCT6 and CCT8 in the structure of CCT/TRiC (13) that suggests that allosteric communication between these two subunits is not possible. Hence, conformational waves that originate in these two subunits must propagate in opposite directions. The small effect on the activation energy of the mutation in CCT8 suggests that most of the flux occurs via the clockwise pathway. Another possibility, also consistent with our data, is that the clockwise and anticlockwise conformational waves begin in subunits CCT3 and CCT6, respectively (Fig. 4) . It should be noted that our results, which indicate the existence of clockwise and anticlockwise pathways, are consistent with a previous kinetic analysis that showed that ATP binding to CCT/TRiC occurs via two parallel sequential pathways (15) .
It has been suggested (14) that the intraring allosteric transitions of CCT/TRiC have evolved to be sequential in order so to facilitate domain-by-domain substrate release and, thus, more efficient folding of multidomain protein substrates that are more common in eukaryotes than in prokaryotes. A proof of principle for this suggestion was provided in the case of the Asp155→Ala GroEL mutant that undergoes sequential intraring allosteric transitions (24) . The relationship between the sequential allosteric mechanism of CCT/TRiC and its folding function remains, however, to be explored. One intriguing possibility is that different domains of protein substrates have evolved to bind particular subunits of CCT/TRiC so that the ATP-induced conformational waves trigger their release in a defined order that facilitates efficient folding. It is also possible, however, that the allosteric pathways of CCT/TRiC are altered in a substratespecific manner by bound protein substrates. It might be feasible in the future to test this hypothesis using the Arrhenius analysis approach described here in the presence of bound substrate. Given that ATP-driven heterooligomeric ring-shaped machines are ubiquitous, our approach should also be applicable to many other systems.
Methods
CCT/TRiC was purified from the cultures of the different yeast strains as described before (15) . Initial (steady-state) rates of the ATP hydrolysis were measured as described (25) 
